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Dye-sensitized solar cells (DSSCs) were assembled using Zinc oxide (ZnO) nanoparticles as a photoelec-
trode and natural dyes extracted from eight natural plants as photosensitizers. The structural properties 
of the synthesized ZnO nanoparticles were studied using XRD, SEM and TEM characterizations. Photovol-
taic parameters such as short circuit current density Jsc, open circuit voltage Voc, fill factor FF, and overall 
conversion efficiency  for the fabricated cells were determined under 100 mW/cm2 illumination. It was 
found that the DSSC fabricated with the extracted safflower dye as a sensitizer showed the best perfor-
mance. Also, its performance increased with increasing the sintering temperature of the semiconductor 
electrode with highest performance at 400 C. Moreover, it was found that a semiconductor electrode of 
7.5 m thickness yielded the highest response.  
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1. INTRODUCTION 
 
A solar cell is a device that converts sunlight into 
electricity. Materials used in photovoltaic devices are 
mainly semiconductors including, among others, crys-
talline silicon, III-V compounds, copper indium sele-
nide / sulfide, and cadmium telluride [1-3]. Low-cost 
solar cells have been the subject of intensive research 
work for the last decades. Amorphous semiconductors 
were announced to be one of the most promising mate-
rials for low-cost energy production. Recently dye sensi-
tized solar cells (DSSCs) emerged as a new type of low 
cost solar cells with simple preparation procedures. The 
DSSC operation is based on the sensitization of wide 
bandgap semiconductors such as TiO2 or ZnO [4]. The 
performance of the cell is mainly dependent on the dye 
used as sensitizer in addition to many parameters, like 
the photoelectrode materials, the redox and the 
backelectrode. The absorption spectrum of the dye and 
its anchorage to the surface of TiO2 or ZnO are the 
most important parameters determining the efficiency 
of the DSSC [5]. 
Generally, transition metal coordination compounds 
such as ruthenium polypyridyl complexes are used as 
sensitizers, due to their highly efficient metal-to-ligand 
charge transfer and intense charge-transfer absorption 
in the whole visible range [6]. However, ruthenium 
polypyridyl complexes contain a heavy metal, which is 
undesirable for environmental aspects [7]. Moreover, 
the synthesizing process of these complexes is compli-
cated and expensive. Alternatively, natural dyes may 
be used for the same purpose with an acceptable effi-
ciency [5-17]. The advantages of natural dyes include 
their low cost and availability [6]. The sensitization of 
wide bandgap semiconductors using natural pigments 
is usually ascribed to anthocyanins which belong to the 
group of natural dyes responsible for several colors in 
the red-blue range, found in flowers, leaves, and fruits 
[5-19]. Hydroxyl and carbonyl groups present in the 
anthocyanin molecule can bind to the surface of a po-
rous TiO2 or ZnO film. This facilitates electron transfer 
from the anthocyanin molecule to the conduction band 
of the semiconductor [6]. Anthocyanins from various 
plants gave different sensitization performances. How-
ever, there is no acceptable explanation behind such 
results, so far [18]. 
In this work, DSSCs were prepared using different 
natural dyes extracted from plants. ZnO layers were 
sensitized using eight natural dyes. The absorption 
spectra of these dyes were obtained. The J-V character-
istic curves were measured and the corresponding out-
put power was determined. The efficiency of each DSSC 
corresponding to each dye is calculated. Then, the effect 
of the sintering temperature of the photoelectrode and 
its thickness were investigated using DSSCs sensitized 
with safflower. 
 
2. EXPERIMENTAL 
 
2.1 Extraction of Natural Dye Sensitizers 
 
The natural dyes used in this study were extracted 
from the following plants: Safflower (Cathumus tin-
crorius), Senna (Cassia angustifolia), Calumus draca 
(Dracaena oinnabari), Carya illinoensis, Rheum, Ro-
selle (Hibiscas sabdarriffa), Rosa damascena, and 
Runica granatum. The raw natural materials were first 
washed with distilled water and then dried at 70 C. 
After crushing into fine powder in a mortar, 1 gm from 
each material was immersed in 5 ml of ethyl alcohol at 
room temperature and in dark for one day. After filtra-
tion of the solutions, natural dyes were obtained 
[6, 8, 19]. Dye solutions were protected from direct light 
exposure. 
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2.2 Synthesis and Characterization of ZnO Na-
noparticles 
 
ZnO nanoparticles used in this article have been 
synthesized at pH 12 following the procedure described 
by Rani et al. [20] by dissolving 4.4 g of zinc acetate 
dihydrate, reagent Zn(CH3COO)2.2H2O (ACROS) in 
100 mL of methanol to obtain a 0.22 M sol which was 
stirred overnight. Details of the preparation procedure 
can be found elsewhere [20-22]. A mortar was used to 
grind the powder to reduce the size of the agglomerates 
in order to get a fine powder. 
X-ray diffraction (XRD) patterns of the powder were 
collected by means of a Bruker AXS D8 powder diffrac-
tometer unit, using Cu Kα radiation (λ  0.154 nm), 
operating at 40 kV and 40 mA. A position sensitive de-
tector (LynxEye) based on Bruker AXS compound silicon 
strip technology was used. The ZnO powders supported 
on glass holders were scanned between 2θ  10° to 100° 
with a 2θ scan step size of 0.005°. The structural refine-
ment of the obtained phases and profile analysis of the 
related diffraction patterns were carried out using the 
program TOPAS, and the mean crystallite sizes were 
calculated using the Scherrer equation (Scherrer con-
stant k  1). 
The surface morphology and the size of ZnO parti-
cles were analyzed using a high resolution scanning 
electron microscopy HR-SEM (JSM67500F, JEOL) using 
secondary electron signal excited by a 10 keV primary 
beam, at operating potential of 15 kV. The morphology of 
the particles and the particle size were determined using 
transmission electron microscopy TEM (HRTEM-CM200 
FEG, Philips) operating at 200 kV. 
 
2.3 Preparation of Dye Sensitized Solar Cells 
 
FTO conductive glass sheets were cut into pieces of 
dimensions 0.8 cm  1.6 cm. The samples were cleaned 
in a detergent solution using an ultrasonic bath for 
15 min, rinsed with water and ethanol, and then dried. 
The ZnO paste was prepared by adding 0.062 g of ZnO 
nano-powder and 0.072 g of polyethylene glycol then 
grinding the mixture for half an hour until a homoge-
neous paste was obtained. Thin layers of the prepared 
ZnO past were spread on the transparent conducting 
FTO coated glass by employing doctor blade method. 
Samples were then dried in an oven at 70 C for 
20 min. Finally, the samples were sintered at 400 C 
for 40 min then were cooled down to 70 C before being 
placed in dye solutions for one day under dark. The 
dyed ZnO electrode and a sputtered platinum counter 
electrode were assembled to form a solar cell by sand-
wiching a redox (I− / I3) electrolyte solution. The electro-
lyte solution is composed of 2 ml acetonitrile (ACN), 8 ml 
propylene carbonate (p-carbonate), 0.668 gm (LiI), and 
0.0634 gm (I2). 
 
2.4 Characterization and Measurement 
 
The UV-VIS absorption spectra of the eight dyes 
were measured using a UV-VIS spectrophotometer 
(Thermoline Genesys 6). The wavelength range of ab-
sorption spectra analysis extends from 350-800 nm. 
The I-V characteristic curves under illumination were 
conducted using National Instruments data acquisition 
card (USB NI 6251) in combination of a Labview pro-
gram. The I-V curves were measured at 100 mW/cm2 
irradiations using high pressure mercury arc lamp. The 
fill factor (FF) defined as  
 
 
.
.
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is calculated from the I-V curve of each cell, where Imp 
and Vmp are the photocurrent and photovoltage at the 
maximum power output and Isc and Voc are the short 
circuit photocurrent and open circuit photovoltage, re-
spectively. The energy conversion efficiency () is de-
fined as follows  
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where Pin is the power of incident light. 
 
3. RESULTS AND DISCUSSIONS 
 
3.1 Absorption Spectra of Natural Dyes 
 
The UV-VIS absorption spectra of the extracts of 
Safflower (Cathumus tincrorius), Senna (Cassia an-
gustifolia), Roselle (Hibiscas sabdarriffa), Rheum, 
Calumus draca (Dracaena oinnabari), Rosa damascena, 
Carya illinoensis, and Runica granatum dissolved in 
ethyl alcohol as solvent are shown in Fig. 1. It can be 
seen from the figure that the absorption peak for the 
extract of Safflower is located at about 428.8 nm. The 
absorption spectrum of Senna showed a shoulder at 
410.8 nm and a peak at 664.7 nm. The extract of Ro-
selle showed a peak at 512.6 nm. The extract of Rheum 
shows an absorption peak at 422.2 nm. It is obvious 
that the extract of Calumus draca exhibits an absorp-
tion peak at 492 nm. Also, no pronounced peaks are 
shown for extracts of Rosa damascene, Carya illinoen-
sis, and Runica granatum. 
When ZnO photoelectrode was dyed with Safflower, 
the absorption spectrum was carried out again for the 
photoelectrode layer. Fig. 2 shows a comparison be-
tween U-VIS spectrum of Safflower in ethyl alcohol and 
the UV-VIS spectrum of the ZnO film dyed with saf-
flower. It is clear that the spectrum of the dyed film has 
a peak at 408 nm shifted from the spectra of the dye 
solution. The observed hyperchromic shift is typical for 
adsorbed dyes on solid substrates. 
 
3.2 ZnO Powder Structure 
 
Figure 3 illustrates the XRD pattern of the synthe-
sized ZnO nanopowder. The figure reveals that the 
powder is highly crystalline and that its structure is in 
accordance with the typical wurtzite hexagonal struc-
ture (JCPDS No. 0036– 1451 WL 15406 Hexagonal-03 
24982). The crystallite mean value is found to be 12 nm 
and the crystallite size calculated for the (101) and 
(002) peaks are found to be 12 nm and 11 nm, respec-
tively. The lattice dimensions are found to be 
[a  b  3.253(0) Å, and c  5.213(4) Å]. 
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Fig. 1 – UV-VIS absorption spectra of all dyes in ethyl alcohol solution 
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Fig. 2 – The absorption spectrum of safflower in ethyl alcohol 
(solid line) and safflower adsorbed on ZnO layer (dashed line) 
 
 
 
Fig. 3 – XRD pattern of ZnO powder synthesized at room 
temperature and pH 12, then dried at 100 C in air. The peaks 
corresponds to the hexagonal- wurtzite structure in the refer-
ence data (JCPDS No.0036–1451) 
 
 
3.3 Surface Morphology and BET Surface  
Area Analyses of ZnO Powder 
 
It is very important to investigate the Surface mor-
phology and Brunauer-Emmelt-Teller (BET) surface 
area of the ZnO powder since they are considered the 
key points for DSSC application. The BET surface area 
of the ZnO powder prepared at pH 12 and dried at 
100 C was 42.3 m2 g – 1. This value is higher than the 
23.8 m2 g – 1 reported by Agha Baba Zadeh et al. [23] for 
powders obtained by mechanochemical processing and 
sintered at 400 C. This difference can be due to ag-
glomeration of nanoparticles during sintering process 
which accordingly reduce the surface area. A SEM pic-
ture for the ZnO powder is shown in Fig. 4. As can be 
seen from the figure the nanoparticles are homogene-
ous and well defined with size of about 15 nm. Figure 5 
illustrates the TEM micrograph of the powder. The 
figure shows that the powder has a porous agglomerate 
structure consisting mainly of spherical crystalline 
particles with about 15-20 nm diameter. 
 
 
 
Fig. 4 – SEM images of the nanostructured ZnO powder syn-
thesized at pH 12. The scale bars correspond to 100 nm 
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Fig. 5 – TEM image of the nanostructured ZnO powder syn-
thesized at pH 12 and dried at 100 C for 12 h. The scale bar 
corresponds to 20 nm 
 
3.4 Photovoltaic Properties 
 
The performance of the natural sensitizers in the pho-
toelectrochemical solar cells was monitored through elec-
trical current and voltage outputs under 100 mW/cm2 
illuminations. Figures 6 and 7 show the current density-
voltage (J-V) characteristic curves of the assembled 
DSSCs sensitized with natural dye extracts. It is clear 
from these figures that the DSSC sensitized with saf-
flower extracts exhibit the highest J-V response. Table 1 
presents all the photoelectrochemical parameters of the 
fabricated DSSCs assembled by photoanodes with ZnO 
sensitized by the natural dyes extracted with ethyl alco-
hol. These parameters are the photocurrent density, Jsc, 
open circuit voltage, Voc, fill-factor (FF), and the cell effi-
ciency (). It is shown in Table 1, that the DSSC sensi-
tized with safflower shows the highest photoelectrochem-
ical performance among the DSSCs (Jsc  1 mA/cm2, 
Voc  0.390 V, FF  0.24, and   0.1). It should be pointed 
out that Safflower (Cathumus tincrorius) has the molecu-
lar Formula C43H42O22. It's a member of the family of 
Compositae or Asteraceae. Safflower was the Latinized 
synonym of the Arabic word quartum, or gurtum, which 
refers to the color of the dye extracted from safflower 
flowers. The English name safflower probably evolved 
from various written forms of usfar, affore, asfiore, and 
saffiore to safflower. Safflower flowers are known to have 
many medical properties for curing several chronic dis-
eases and they are widely used in Chinese herbal prepa-
rations. Safflower oil is characterized by the presence of a 
high proportion of n-6 polyunsaturated fatty acids that 
include linoleic (approximately 75 %), oleic (13 %), pal-
mitic (6 %), stearic (3 %), and other minor straight-
chained fatty acids [24]. Alpha and gamma tocopherol 
content have also been found [25]. 
It is noted that the natural dye of Roselle (Hibis-
cassabdarriffa) extracted by polyethylene glycol interacts 
with the zinc oxide layer, causing corrosion of this layer.  
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Fig. 6 – Current density-voltage curves for the DSSCs sensi-
tized by four natural extracts: (A) safflower, (B) Senna, (C) 
Rheum and (D) Calumusdraca at intensity of the incident 
light of 100 mW cm – 2. Natural extracts were prepared using 
ethyl alcohol 
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Fig. 7 – Current density-voltage curves for the DSSCs sensi-
tized by four natural extracts (E) Calumus draca, (F) Rosa 
damascena, (G) Carya illinoensis, (H) Runica granatum at 
intensity of the incident light of 100 mW cm – 2. Natural ex-
tracts were prepared using ethyl alcohol 
 
3.5 Photoelectrode Sintering Temperature and 
Thickness Effects on the Performance of the 
Safflower Sensitized DSSC 
 
A. Effect of the Sintering Temperature 
 
ZnO nanoparticles paste was prepared by dispersing 
ZnO nanoparticles in polyethylene glycol at 1 : 1 ratio by 
weight. Then, each photoelectrode was sintered at differ-
ent temperatures (250, 300, 350, 400, 450, 500, and 
600 C) for about 30 min in each case. The sintering pro-
cess was followed by dying the sample in safflower extract 
which exhibited the best performance among the other 
extracts. Figure 8 illustrates the photoelectrical response 
at 100 mW/cm2 for different sintering temperatures. It is 
clear that the highest response is obtained for the DSSC 
with photoelectrode sintered at 400 C. This sintering 
temperature may attain the largest surface area and 
highest porosity, which is required for more dye loading to 
get higher photocurrent density. Further increasing the 
sintering temperature decreases the cell efficiency, which 
is a result of the reduction of the surface area, because 
more particles are getting in contact and therefore losing 
the infiltration of the dye inside the pores. Values of cur-
rent densities and open circuit voltages are shown at vari-
ous sintering temperature values in Table 2. 
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Table 1 – Photoelectrochemical parameters of the DSSCs sensitized by natural dyes extracted with ethyl alco-
hol as solvent 
 
Natural dye Jsc (mA/cm2) Voc (V) FF (%)  (%) 
Safflower 1.00 0.390 24 0.100 
Senna 0.37 0.371 30 0.039 
Roselle 0.08 0.259 23 0.004 
Rheum 0.31 0.259 27 0.022 
Calumus draca 0.31 0.348 28 0.030 
Carya illinoensis 0.46 0.229 18 0.025 
Runica granatum 0.23 0.300 21 0.01 
Rosa damascena 0.28 0.170 20 0.009 
 
Table 2 – Parameters of the DSSCs sensitized at different temperatures, at 100 mW/cm2 illumination 
 
Temperature(C) 250 300 350 400 450 500 600 
Jsc (mA/cm2) 0.24 0.12 0.17 1.00 0.71 0.44 0.07 
Voc (V) 0.229 0.229 0.230 0.390 0.377 0.374 0.259 
 
Table 3 – Photovoltaic parameters of the DSSCs sensitized by safflower dye, at different ZnO thicknesses and 
100 mW/cm2 illumination 
 
2.2  0.5 3.5  0.5 5  0.5 6.5  0.5 7.5  0.5 9.8  0.5 Thickness (m)  
0.23 0.22 0.07 0.33 1.00 0.075 Jsc (mA/cm2) 
0.303 0.303 0.262 0.269 0.390 0.266 Voc (V) 
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Fig. 8 – Current density-voltage characteristics of the DSSCs 
dyed with safflower at various photoelectrode sintering tem-
peratures 
 
B. Effect of Photoelectrode Thickness 
 
ZnO nanoparticle paste was prepared by dispersing 
ZnO nanoparticles in polyethylene glycol at different 
concentration ratios. The amount of polyethylene glycol 
was fixed while the solid content of ZnO was varied to 
get different concentrations which yield different 
photelectrode thicknesses. Here, we use a sintering 
temperature of 400 C which exhibits the highest pho-
toelectrical response. The thickness of ZnO layer was 
measured using a general microscope based on the 
depth of focus [26]. The results of this investigation are 
given in Fig. 9 and Table 3. It is clear that the DSSC 
with 7.5 m thick photoelectrode shows the highest 
photoelectrical response at 100 mW/cm2 illumination. 
 
4. CONCLUSIONS 
 
The use of natural products as semiconductor sensi-
tizers enables simpler and faster production of cheaper 
and environmentally friendly solar cells. In this work,  
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Fig. 9 – Current density-voltage characteristics of the DSSCs 
prepared at different thicknesses and sensitized by safflower 
at 100 mW/cm2 illumination 
 
dye-sensitized solar cells (DSSCs) were assembled us-
ing extracts from eight natural dyes as sensitizers for 
nanocrystalline ZnO photoelectrodes. The ZnO nano-
particles, with crystallite mean value of 12 nm as indi-
cated from XRD data, were synthesized at pH 12. SEM 
pictures and TEM micrographs of the ZnO powder re-
vealed homogeneous and well defined nanoparticles 
with size of about 15 nm, and shows that the powder 
has a porous agglomerate structure consisting mainly 
of spherical crystalline particles with about 15-20 nm 
diameter, respectively. 
Photovoltaic parameters such as short circuit cur-
rent Isc, open circuit voltage Voc, fill factor FF, and 
overall conversion efficiency  for the fabricated DSSCs 
were determined under 100 mW/cm2 illumination. It 
was found that the DSSC with safflower extract as a 
sensitizer showed the best performance among the oth-
er extracts. The optimal semiconductor electrode sin-
tering temperature was found to be 400 C whereas the 
highest cell response is obtained at an electrode thick-
ness of 7.5 m. 
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